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The purinergic P2Y14 receptor axis is a molecular
determinant for organism survival under in utero
radiation toxicity
SH Kook1,8,9, JS Cho1,8, A Morrison2, E Wiener3, SB Lee4, D Scadden5,6,7 and B-C Lee*,1
In utero exposure of the embryo and fetus to radiation has been implicated in malformations or fetal death, and often produces
lifelong health consequences such as cancers and mental retardation. Here we demonstrate that deletion of a G-protein-coupled
purinergic receptor, P2Y14, confers potent resistance to in utero radiation. Intriguingly, a putative P2Y14 receptor ligand,
UDP-glucose, phenocopies the effect of P2Y14 deficiency. These data indicate that P2Y14 is a receptor governing in utero
tolerance to genotoxic stress that may be pharmacologically targeted to mitigate radiation toxicity in pregnancy.
Cell Death and Disease (2013) 4, e703; doi:10.1038/cddis.2013.218; published online 4 July 2013
Subject Category: Experimental Medicine
The embryo is very susceptible to genotoxic stress, and even
low levels of radiation can increase the risk of fetal damage.
The incidence of miscarriage, preterm delivery and death
during infancy aremore common in pregnant women exposed
to radiation. However, there are medical situations where
pregnant women are intentionally exposed to radiation due to
life-threatening conditions. The number of pregnant women
undergoing computed tomography (CT) imaging, which
delivers more radiation than other radiologic procedures,
has nearly doubled in the past decade.1 To date, shielding has
been the only method for protecting the fetus against radiation
injury. Nuclear accidents or terrorism can also place the fetus
at significant risk.
Purinergic receptors are a family of transmembrane
proteins that is activated by nucleosides, nucleotides, and
nucleotide sugars. Purinergic receptors are divided into
P1 adenosine receptor, P2X ionotropic receptor and P2Y
metabotropic receptor.2,3 Purines and pyrimidines are mas-
sively released at the site of damage resulting from irradiation
(IR), stress, or hypoxia and trigger the activation of purinergic
signaling pathways.4,5 Activation of these receptors serves as
a sensor and responder to damage-induced alarm signals and
has an important role in modulating tissue homeostasis under
stress.6 Most of the purinergic receptor knockout (KO) mice,
including A2 A, P2Y4, and P2Y2, display no overt phenotype
under homeostatic conditions, but knockdown phenotypes
become apparent when KO mice are exposed to stresses or
stimuli.7,8 This indicates that the functional role of purinergic
receptors is more apparent under pathophysiological condi-
tions than under homeostatic conditions. Meanwhile, Wells
et al.9 showed that purinergic receptors are desensitized upon
completion of development, but their expression is upregu-
lated under specific pathophysiological conditions, such as
trauma or insults. In line with this, P2Y14, a member of the G
protein-coupled P2 purinergic receptor family, is expressed
at significantly greater levels in fetal hematopoietic stem
progenitor cells (HSPCs) as compared with adult HSPCs.10 In
addition, placenta is among the tissues with the highest P2Y14
expression compared with most of the other adult tissues.10
Furthermore, P2Y14/ UDP-Glucose (UDP-Glc) axis has also
been implicated in various stress responses.11 These findings
suggest a potential role of P2Y14 in modulating cellular
responses to stress during embryonic development.
Here we demonstrate a novel molecular mediator of the
organismal consequences of radiation and show that P2Y14
can be manipulated to alter short- and long-term adverse
effects of in utero IR.
Results
Under homeostatic conditions, heterozygous (þ / ) and
homozygous ( / ) P2ry14 mice have normal growth and
fertility and exhibit no apparent phenotypic abnormalities. As
purinergic receptor signaling is often associated with cellular
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responses to tissue injury,5 we investigated the potential role
of P2Y14 to protect cells from genotoxic injury induced by IR.
We focus here on the impact of P2Y14 on developing embryos,
as embryos are highly vulnerable to IR-induced damage and
radiation exposure can have profound health consequences
later in life. Heterozygous females were mated with hetero-
zygous males. On day 11.5 of pregnancy (E11.5), pregnant
females were exposed to total-body irradiation (TBI).
Pregnant mice were exposed to various IR regimens. It has
been previously shown that doses higher than 1.9Gy (TBI)
lead to embryonic death12 and we also found that at a dose of
2Gy TBI none of the P2Y14 embryos, regardless of their
genotypes, were able to survive to birth. A dose of 1.5Gy TBI
was the maximum dose at which the three mouse genotypes
were born at the expected Mendelian ratio without significantly
affecting litter size (see Supplementary Results). The litters born
to radiation-treated dams did not display any apparent devel-
opmental abnormalities and were phenotypically indistinguish-
able between genotypes during the postnatal period. Litter
weights at birth and 3 weeks of age were also not significantly
different between genotypes (see Supplementary Results).
However, beginning around puberty (between 4 and 6 weeks of
age), the majority of in utero irradiated wild-type mice began to
show retardedgrowth andweight gain (Figures 1aandb). These
mice became moribund and approximately 70–75% of WT
offspring died as they reached puberty (Figure 1c). In contrast, a
significantly higher percentage of in utero irradiated P2Y14
homozygous (P2ry14 / ) mice (60–65%) survived to adult-
hood with no apparent illness or weight loss through the entire
observation period (Figures 1a and c).
Unexpectedly, the treatment of pregnant dams with a
putative P2Y14 receptor ligand, UDP-Glc, also markedly
ameliorated the weight loss and growth retardation observed
in in utero irradiatedWToffspring (Figures 1a and b). UDP-Glc
treatment also significantly enhanced postpubertal survival of
in utero irradiated WT offspring (Figure 1c). This is to some
extent surprising, as deficiency of P2Y14 receptor endowed
offspring with resistance to prenatal radiation. Meanwhile,
UDP-Glc did not produce any noticeable effects on growth
and survival of P2Y14 KO offspring (Figures 1a and c),
suggesting that the observed effects of UDP-Glc are likely
mediated through a P2Y14 receptor-dependent manner.
Hematopoietic tissues, such as thymus, spleen, and bone
marrow, are among the most sensitive to radiation. Thus, we
examined these tissues in in utero irradiated P2Y14 offspring.
It is known that thymus continues to grow after birth, reaching
its maximum size, and weight by the time of puberty but
thereafter undergoes involution.13,14 At the age of 2 weeks,
there was no noticeable difference in thymic size between in
utero irradiated WT and KO offspring (data not shown).
Between the ages of 4 and 6 weeks, at which time most
prenatally irradiated WT offspring begin to lose their weight,
the size of theWT thymus was significantly smaller than those
fromKOoffspring (Figure 2a). The weight and cellularity of the
thymus was also found to be drastically reduced in prenatally
irradiatedWT offspring (Figures 2b and c). The thymic atrophy
observed in the WT mice was prevented by the treatment
of the pregnant dam with UDP-Glc (Figures 2a and c).
Histological examination showed that thymic architecture
of in utero irradiated WT mice was significantly altered as
compared with KO thymus tissue: the WT thymi were
disorganized and their cortico-medullary boundary was not
as distinct as in KO or UDP-Glc-treatedWT thymi (Figure 2d).
The magnitude of cell death appeared significantly more
Figure 1 Effects of P2Y14 axis on postnatal survival and growth of in utero
irradiated embryos. (a) Body weight of littermates was measured on a weekly basis.
With the onset of puberty, the growth rate of WT offspring (white triangles) was
significantly retarded compared with KO (white diamonds) as well as UDP-Glc-
treated WT offspring (black triangles). In comparison to P2Y14 offspring born to
dams who were never exposed to prenatal irradiation (see red dashed line), the
offspring born to irradiated dams, regardless of genotype, showed a trend toward
slightly lower body weights. As body weight can be affected by postmortem
dehydration, the results of dead animals were not included in data collection
(n¼ number of animals assessed). We did not measure body weights during
neonatal period, as the procedures for genotyping (e.g., tagging and conducting tail
biopsy for genomic DNA extraction) before weaning (21 days after birth) increased
the risk of cannibalism or abandonment by nursing females. (b) Representative
images of offspring in each group at 5 weeks of age. (c) Survival rate of in utero
irradiated offspring. WT offspring (white triangles) showed a notably increased
incidence of postpubertal mortality as compared with KO (white diamonds) and
UDP-Glc-treated WT offspring (black triangles). n¼ number of animals assessed
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pronounced in the thymocytes derived from in utero irradiated
WT offspring, as compared with counterpart cells from their
KO offspring (Figure 2e). UDP-Glc was also effective in
rescuing the WT thymocytes from cell death (Figure 2e).
When the thymocytes were analyzed for CD4 and CD8
expression, WT offspring displayed a reduction in the relative
percentage of CD4þCD8þ cells as compared with KO or
UDP-Glc-treated WT counterparts (Figure 2f, left panel). In
the thymi of WT offspring, the absolute numbers of all subsets
were significantly decreased (Figure 2f, right panel). Thymo-
cytes from prenatally irradiated WT offspring consistently
exhibited increased levels of cell death in all subsets of
thymocytes rather than showing a preferential cell death in a
specific subset (Figure 2g). Interestingly, whenWT thymocytes
were exposed in vitro to various doses of IR, there was dose-
dependent increase of cell surface expression of P2Y14
receptor, suggesting a potential causal relationship between
P2Y14 receptor expression and radiation response (Figure 2h).
Radiation raises reactive oxygen species (ROS) levels in
cells, leading to cellular damage. As expected, IR led to
significant increase in the levels of mitochondrial superoxide
in WT thymocytes (Figure 2i). In contrast, low levels of
mitochondrial superoxide were detected in the KO. Treatment
with UDP-Glc resulted in a significant decrease in mitochon-
drial superoxide in irradiated WT thymocytes. ROS often
triggers stress-activated protein kinases (SAPK)-promoting
apoptotic cell death. We found that thymocytes from
prenatally irradiated WT offspring have higher levels of
phosphorylated JNK (p-JNK) and p38 MAPK, compared with
their KO counterparts (Figure 2j). The levels of phosphory-
lated ERK in WT thymocytes were slightly but not significantly
lower than that of the KO thymocytes. Administration of
Figure 2 Effects of P2Y14 axis on thymic atrophy induced by prenatal irradiation. (a) Macroscopic appearance of thymus at 5 weeks of age: thymic tissue is outlined with
dotted lines. Thymus was harvested from 4- to 6-week-old mice, and weight (b) and total thymic numbers (c) were determined. n¼ number of animals tested. **Po0.01.
(d) Comparison of histological analysis of thymus; thymic tissues isolated from each group were stained with hematoxylin-eosin. Note that thymi from WT offspring exhibit
severe structural anomalies. Shown is representative staining of thymic sections from offspring born to prenatally irradiated dams. Scale bar: 200 mm; (e) Thymic cells were
stained with Annexin V and PI. Percentages of gated cell populations are indicated. The accompanying graphs show the percentage of Annexin Vþ and PIþ thymic cells.
n¼ number of animals tested. **Po0.01. (f) CD4/CD8 profile of thymocytes of indicated mice at 4–6 weeks of age. Thymocytes were stained with antibodies to CD4 and
CD8. The graphs show the absolute number of cells in indicated subsets. For each group, more than three mice were individually analyzed. *Po0.05, **Po0.01. (g) Cell
death of thymocyte subsets was analyzed by flow cytometry as described above. The graphs show the percentage of PI-positive cells of indicated subsets. For each group,
more than three mice were individually analyzed. *Po0.05, **Po0.01. (h) Thymocytes were prepared from 4- to 6-week-old wild-type mice and exposed in vitro to different
doses of g-irradiation as indicated. Cells were stained with biotinylated anti-P2Y14 antibody and APC-conjugated streptavidin. Percentages of gated cell populations are
indicated. The accompanying graphs show the percentage of P2Y14þ thymic cells. (i) Levels of mitochondrial superoxide in thymic cells were measured by using Mitosox
Red. Percentages of gated cell populations are indicated. The accompanying graphs show the percentage of Mitosox Red-stained thymic cells. (j) Western blot analysis in
thymic cells. Thymic cell extracts isolated from indicated mice at 4–6 weeks of age were analyzed by western blot analysis using the antibodies as indicated. The numerical
values in the accompanying table represent fold difference in p53 and p21 expression relative to prenatally irradiated WT offspring after normalization to b-actin-loading
control, as determined by densitometry. (k) Immunohistochemical staining of prenatally irradiated thymic tissues with anti-p53 (left panel) and anti-p21 (right panel).
Red arrows indicate representative positively stained cells. Scale bar: 20 mm
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UDP-Glc markedly reduced the levels of p-JNK and p38
MAPK activation in the WT thymocytes. p53 is a critical
downstream target of JNK and p38 MAPK and is required
for radiation-induced apoptosis in mouse thymocytes.15 As
shown in Figure 2j (see right panels), in utero irradiated WT
thymocytes expressed higher levels of p53 protein compared
with that of in utero irradiated KO thymocytes. The immediate
downstream p53 target, p21, was also upregulated in the
thymocytes of prenatally irradiated WT offspring. However,
when P2Y14 dams were treated with UDP-Glc, a significant
decrease in expression of p53 and p21 was noted in WT
thymocytes. The observed changes in p53 and p21 expres-
sion were further confirmed by immunohistochemical analysis
(Figure 2k).
A similar difference was observed for spleen: at 5–6 weeks
of age, the spleens of in utero irradiated WT mice were
significantly decreased in size and weight as compared with
those of KO or UDP-Glc-treated WT mice (Figures 3a and b).
The absolute number of cells per spleen was also significantly
reduced in prenatally irradiated WT offspring (Figure 3c) and
this coincided with the increased percentage of apoptotic and
dead cells in the WT splenocytes (Figure 3d). UDP-Glc
treatment was able to rescue a significant portion of
splenocytes from undergoing the cell death pathway in the
WT offspring (Figure 3d). As similarly observed in thymocytes,
the levels of p53 and p21 were greater in the wild-type spleen
cells as compared with their KO littermate counterparts.
Similarly, UDP-Glc was able to abrogate p53 and p21
induction in the WT spleen cells (Figure 3e).
Nucleated bone marrow cell counts were also reduced in
the WT offspring of P2Y14 dams exposed in utero to IR
(Figure 4a). As HSPCs, the source of the blood cells in the
bone marrow, are primarily responsible to maintain bone
marrow homeostasis, we further analyzed a subset of HSPCs
(Lin , Sca-1þ , c-Kitþ , hereafter referred to as LSK cells).
Similarly, the WT offspring showed a statistically significant
decrease in their absolute number of LSK cells as compared
with the counterpart cells from KO offspring (Figure 4b). This
was accompanied by a modest but statistically significant
increase in cell death in the WT LSK cells (Figure 4c, right
panel). Thus, the reduction in bone marrow cellularity
observed in the WT offspring appears to be related to the
reduction of their HSPC populations by cell death. Notably,
the majority of dead cells observed in WT LSK cells were
Annexin V and PIþ cells (Figure 4c), suggesting the
possibility that WT LSK cells die via a non-apoptotic pathway.
UDP-Glc was effective in reducing cell death in the WT LSK
cells (Figure 4c, right panel) and resulted in a significant
recovery in the absolute number of WT LSK cells (Figure 4b).
Western blot analysis of p53 or p21 levels in LSK cells was not
technically feasible due to their low frequency. Intriguingly,
whereas HSPCs from in utero irradiated P2Y14 KO offspring
were more resistant to prenatal IR-induced cell death, they
tend to undergo cellular senescence (Figure 4d). As many cell
types acquire resistance to certain cell death stimuli upon
entering the state of senescence,16 it is a conceivable
possibility that a subtype of P2Y14 KO HSPCs may engage
senescence as an attempt to escape IR-induced cell death.
Bone marrow cells from in utero irradiated P2Y14 WT mice,
despite of their high susceptibility to prenatal IR-induced cell
death, were able to compete almost equally with competitor
cells up to 1 year post-transplant (46% versus 54%; Figure 4e,
Figure 2 Continued
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upper panel). In contrast, bone marrow cells from in utero
irradiated P2Y14 KO mice competed poorly with competitor
cells (Figure 4e, lower panel; 24% versus 76%). This is
probably due, in part, to a greater proportion of senescent
HSPCs in KO bone marrow as shown in Figure 4d.
It was previously shown that prenatal exposure to radiation
can damage the developing brain of unborn babies and cause
hydrocephalus and/or mental retardation.17 The prenatally
irradiated WT offspring were easily distinguishable from their
KO littermates, as WT offspring exhibited a higher incidence
of hydrocephalus with an enlarged domed cranium
(Figure 5a). The percentage of the WT offspring showing
clear signs of hydrocephalus was approximately 70%, which
is more than twofold higher incidence than that of the KO
offspring (70% versus 31%). UDP-Glc treatment reduced the
incidence and severity of hydrocephalus by nearly 30–35% in
prenatally irradiated WT offspring (Figures 5a and b). For
further analysis, magnetic resonance imaging (MRI) was
performed with prenatally irradiated WT and KO offspring.
MRI image demonstrates significant hydrocephalus and/or
edema, resulting in internal hydrocephalus in in utero
irradiated WT mice (Figure 5c). In contrast, MRI of in utero
irradiated KO mice exhibited very little or no hydrocephalus
(Figure 5c). The treatment of pregnant damwith UDP-Glc was
able to significantly reduce the severity of IR-induced
hydrocephalus in the WT offspring (Figure 5c). Of note,
the morphological signs of hydrocephalus such as a rounded
and enlarged cranium were apparent by 1–2 weeks of age.
A similar trend was observed for p53 and p21 protein
expression in the prenatally irradiated brain tissues
(Figure 5d).
Discussion
P2Y14-null embryos exhibit a marked resistance to tissue
injury induced by in utero IR. Considering that the presence of
P2Y14 receptor makes embryos more susceptible to the
in utero radiation, it was anticipated that the activation of
P2Y14 axis by exogenous UDP-Glc would lead to even more
tissue damage increasing pre- and post-natal mortality of
prenatally irradiated WT embryos. However, unexpectedly,
UDP-Glc significantly ameliorated IR-induced tissue injury in
prenatally irradiated WT mice and led to an increased
postpubertal survival rate. A ligand can behave either as
agonist or antagonist for the same protein depending upon
both ligand concentration and cell context. In this context,
UDP-Glc appears to phenocopy gene deletion and therefore
has an inhibitory effect. There are a number of explanations
for this including serving as a true antagonist, desensitization
of the receptor or competition with cognate ligand.
It is not clear why most phenotypic differences betweenWT
and KO offspring do not appear until puberty. The molecular
events governing fate decisions in in utero irradiated embryo
or fetus are difficult to dissect due to its complexity, including
reciprocal interactions between the mother and the embryo.
Nevertheless, given that the effects of prenatal radiation often
Figure 3 Effects of P2Y14 axis on splenic atrophy induced by prenatal irradiation. Spleens were isolated from prenatally irradiated offspring at 4–6 weeks of age.
(a) Macroscopic appearance of spleen at 5 weeks of age. Spleen weights (b) and total number of spleen cells (c) were determined. n¼ number of animals tested. **Po0.01.
(d) Cell death of splenic cells was examined by flow cytometry analysis as described above. n¼ number of animals tested. **Po0.01. (e) Western blot analysis of p53 and
p21 protein levels in spleen cells. The protein levels were determined as described in the legend of Figure 2j
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emerge later in life, our study more closely recapitulates what
is encountered in clinical setting.
The ability of P2Y14 to mediate sensitivity of fetal mice and
multiple tissues therein to radiation injury is a striking finding.
Although modulating other molecules such as p53 and PUMA
has been shown to alter cell sensitivity to radiation
damage,15,18–20 a cell surface receptor doing so is particularly
distinctive and, we would argue, of significant importance as it
represents a potentially targetable means of affecting the
consequences of radiation injury. The demonstration that
UDP-Glc canmimic P2Y14 deletion is of special interest in that
regard. The UDP-Glc data demonstrate the feasibility of using
a simple pharmacologic intervention to modulate significant
consequences at a cellular, tissue and organismal level. It is
therefore possible to envision the use of an agent like UDP-
Glc or other P2Y14 inhibitors in the context of radiation
exposure in pregnancy.
Materials and Methods
Animals. P2ry14 KO mice21 were kindly provided under MTA by GlaxoSmithKline
(Brentford, Middlesex, UK). The mice were backcrossed to C57BL/6 for at least nine
generations (N9). Heterozygote male and female mice were mated, and pregnant
dams were exposed to a 1.5-Gy dose of whole-body irradiation (TBI) at day 11.5 of
gestation. Dose from conventional CT scan is generally less than 2–3 cGy. Pregnant
dams exposed to this dose of TBI did not show any sign of weight loss or illness, and
there were no notable changes in their fertility over time. The genotyping was
performed by PCR analysis with provided primer sets: wild-type: 50-AGCCCCTTC
TGACGTCTATTGTGC-30, 50-ATTGCGGCTGGACTTCCTCTTGAC-30; 30 cycles of
94 1C for 45 s, 55 1C for 45 s, and 72 1C for 60 s (329 bp) or 50-ACTGGGCAAA
ACACCTTCAC-30, 50-GTGTAGGGGATTCTGGCAAT-30; 30 cycles of 94 1C for 30 s,
54 1C for 60 s, and 72 1C for 30 s (240 bp) mutant 50-CCGGCCGCTTGGGTG
GAGAGG-30, 50-TCGGCAGGAGCAAGGTGAGATGACA-30; 30 cycles of 94 1C for
30 s, 68 1C for 30 s, 72 1C for 30 s (299 bp) or 50-CTACCCGTGATATTGCTGAAG
AGCTTGGCG-30, 50 AAATAGATACGAGTGTTGCTTGGAA-30; 30 cycles of 94 1C
for 30 s, 62 1C for 30 s, 72 1C for 30 s (600 bp). Unless otherwise stated, all
experiments were performed with littermates as control. All analysis unless otherwise
specified in the text were performed on the offspring that were killed at the age
of 4–6 weeks. Spleen and thymus were harvested from 4- to 6-week-old mice. All
studies were conducted after review by the GSK and University of Pittsburgh’s
Institutional Animal Care and Use Committee and in accordance with the GSK and
University of Pittsburgh’s Policy on the Care, Welfare, and Treatment of Laboratory
Animals.
UDP-glucose treatment. UDP-glucose was dissolved in endotoxin-free
PBS just before giving the injection. IR exerts its cytotoxicity in large part through
the generation of ROS. Although ROS levels increased immediately following IR,
persistent oxidative stress has also been reported.22 Pregnant dams were given
subcutaneous injections of UDP-Glc (200mg/kg body weight, Sigma-Aldrich,
St Louis, MO, USA) 1 h before and immediately after TBI (1.5 Gy; to reduce a
potential oxidative damage during the early post-IR period), and then once daily
for 2 days (to mitigate persistent oxidative stress). The rationale for this injection
schedule is also based on the result of previous studies in which radiation-
protective agents are administered both before and after radiation exposure.23,24
Flow cytometry analysis. Single-cell suspensions were made from the
thymus, spleen, and bone marrow of 4- to 6-week-old mice and analyzed by flow
cytometry as previously described.25 For HSPC analysis, bone marrow cells were
stained with a lineage marker cocktail, c-Kit, and Sca-1 (e-Bioscience, San Diego,
CA, USA). Thymocytes were stained with antibodies to P2Y14 (Alomone Labs,
Figure 4 Effects of P2Y14 axis on bone marrow cellularity induced by prenatal irradiation. Bone marrow cells were isolated from prenatally irradiated offspring at 5 weeks of
age. (a) Total number of nucleated cells in the bone marrow isolated from indicated mice. n¼ number of animals tested. (b and c) Bone marrow cells were stained with a
lineage marker cocktail, c-Kit, Sca-1 (LSK), Annexin-V and PI. Absolute number of LSK cells in the bone marrow of indicated offspring is shown in b. (c) Cell death analysis on
the gated LSK cells: the graphs show the mean percentage of Annexin-V (left panel) and PI (right panel)-positive cells of indicated subsets. n¼ number of animals tested.
(d) LSK cells isolated from prenatally irradiated WT and KO offspring at 5 weeks of age were gated for the comparison of senescence associated-b-Gal activity. **Po0.01.
(e) For competitive repopulation assays, bone marrow cells (2 106) from in utero irradiated wild-type and KO (B6, CD45.2) mice were mixed with equal number of competitor
bone marrow cells derived from congenic mice (B6, CD45.1) and transplanted into lethally irradiated recipients (CD45. 1/2). Peripheral blood was analyzed for donor
contribution using CD45 markers. The histograms (left panels) and graphs (right panels) show the relative contributions of test (CD45.2) versus competitor (CD45.1)
populations in peripheral blood of mice at 1 year post-transplant. **Po0.01
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Jerusalem, Israel), CD4 and CD8 (e-Bioscience). Cell death was assessed using
Annexin-V-PI double staining, according to the manufacturer’s instructions (BD
Pharmingen, San Jose, CA, USA). Levels of mitochondrial superoxide in thymic
cells were measured by using Mitosox Red (Invitrogen, Grand Island, NY, USA).
Cellular senescence was assessed by measuring senescence associated (SA)-b-
gal activity (use 5-dodecanoylaminofluorescein di-b-D-galactopyranoside as a
fluorogenic substrate) in the lineage , Sca-1þ , c-Kitþ (LSK)-gated bone
marrow cells as previously described.26
Western blot analysis. Equal amounts of total protein (20mg) for each
sample were analyzed by western blotting. The blots were probed with primary
antibodies overnight at 4 1C followed by horseradish peroxidase-conjugated
secondary antibodies. The blots were developed, exposed, and analyzed using
Un-scan-IT image analysis software (Orem, UT, USA). Phospho-p38 MAPK (cat.
#9211), p38 MAPK (cat. #9212), phospho-SAPK/JNK (cat.#9251), SAPK/JNK
(cat. #9258), phospho-ERK (cat. #9101), and ERK (cat. #9102) were purchased
from Cell Signaling (Danvers, MA, USA) and p53 (sc-6243) and p21 (sc-6246)
were purchased from Santa Cruz Biotechnology (Dallas, TX, USA).
Competitive repopulation assays. For competitive repopulation assays,
bone marrow cells (2 106) from in utero irradiated wild-type and KO
(B6, CD45.2) mice were mixed with equal number of competitor bone marrow
cells derived from congenic mice (B6, CD45.1) and transplanted into lethally
irradiated recipients (CD45. 1/2, 6–8 weeks old). Peripheral blood was analyzed
for donor contribution using CD45 markers.
MRI. The mice were killed and fixed by transcardiac perfusion with paraformalde-
hyde and 5% ProHance (Bracco Diagnostics, Inc., Monroe Township, NJ, USA)
following the technique described by Johnson, et al.27 After perfusion, the heads were
separated from the body, skinned, and placed in a solution of paraformaldehyde/
ProHance. MRI images were obtained on a 7-T Clinscan animal MRI system with a
3D FLASH sequence TE 2.7ms, TR 26ms, tip angle 35o, 8 averages, and 0.08mm
isotropic resolution (FOV: 15.62 20.00 16.64, W,H,D; 200 256 208).
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